Cardiac hypertrophy is characterized by both remodeling of the extracellular matrix (ECM) and hypertrophic growth of the cardiocytes. Here we show increased expression and cytoskeletal association of the ECM proteins fibronectin and vitronectin in pressureoverloaded feline myocardium. These changes are accompanied by cytoskeletal binding and phosphorylation of focal adhesion kinase (FAK) at Tyr-397 and Tyr-925, c-Src at Tyr-416, recruitment of the adapter proteins p130
Cardiovascular diseases such as hypertension, valvular defects, and myocardial infarction are often associated with the development of cardiac hypertrophy. This hypertrophy occurs in response to an increased mechanical (hemodynamic) load on the heart in the form of pressure or volume overload, which is characteristic of hypertension and valvular defects, or to a decrease in functional heart tissue as seen in myocardial infarction. The initial hypertrophic response of the heart is compensatory but frequently deteriorates into heart failure and increased morbidity/mortality (1, 2) . This transition from compensation to failure occurs when further hypertrophy of the heart cannot normalize wall stress and maintain contractile function in the face of its hemodynamic load. Although mechanical load appears to directly regulate mass and associated phenotypic changes at the level of the cardiocyte (for a review see Ref.
3), the mechanisms that couple load to the hypertrophic growth initiation and to the transition into heart failure have yet to be delineated. Whereas several key players including G-proteins (4), calcineurin (5, 6) , mitogen-activated protein kinase (MAPK) 1 family members, namely, extracellular-regulated kinases (ERK1/2) (7) and p38 MAPK (8) , as well as protein kinase C (9) and p70/85 S6 kinase (10, 11) have been implicated in the pathways that connect load to hypertrophic growth, the complexity of interaction between signaling pathways make deciphering them a difficult task in hypertrophic research.
In an effort to better understand the signaling events triggered by pressure overloading of the myocardium, we used a model where the right ventricle of adult cats was pressureoverloaded, and the normally loaded left ventricle was used as an internal control (12, 13) . Hypertrophy develops in this model as early as 48 h accompanied by a deterioration of the contractile function, which is partially because of cytoskeletal reorganization particularly of the microtubular fraction (14) . In 48-h pressure-overloaded myocardium, we have described cytoskeletal association and activation of signaling proteins including c-Src and FAK, and these events were accompanied by changes in tyrosine phosphorylation of several cytoskeletal proteins (15) . In addition, we identified an initial signaling event resulting in the activation of several Ser/Thr protein kinases, including protein kinase C, c-Raf, and p70/85 S6 kinase in 1-4-h pressure-overloaded myocardium (10) . This early signaling (1-4-h pressure overload), comprised primarily of Ser/Thr kinases, and the delayed signaling (48-h pressure overload), comprised of integrin-mediated cytoskeletal assembly and activation of tyrosine kinases, were accompanied, respectively, by the induction of immediate early genes (IEGs), such as egr-1 and c-fos, and atrial natriuretic factors (12) . Because we observe at least two waves of signaling in the hypertrophying heart (16), we tested the possibility that the transcriptional products of IEGs generated during the early wave of signaling might contribute to the second wave of integrin-dependent signaling. To test this, we focused on extracellular matrix (ECM) proteins such as fibronectin (FN) and vitronectin (VN) because they are often shown to be products of IEGs (17, 18) . Both ECM proteins are known to preferably interact with ␣ 5 ␤ 1 and ␣ v ␤ 3 integrins (19, 20) , respectively, and induce tyrosine phosphorylation of cellular proteins (21) . Furthermore, these ECM proteins have been shown to be up-regulated in the adult heart during pressure overload, myocardial infarction, and spontaneous hypertension (22) . Therefore, changes in physical stress and strain on the myocardium can alter the ECM composition, thereby initiating a signaling cascade via the assembly and activation of integrins on the cardiocyte surface. Such a signaling pathway may contribute either independently or cohesively with other signaling events to the overall hypertrophic growth and/or phenotypic changes.
Studies on FN fibrillogenesis have shown that soluble FN dimers bind to integrins, which in turn cluster, activate, and self-assemble into detergent-insoluble fibrils over a period of several hours (23, 24) . In the present study, we show both FN and VN secretion as well as assembly of signaling proteins in 48-h pressure-overloaded myocardium. To understand both the mechanism and role of this assembly, we developed a cell culture model in which cardiocytes were embedded three-dimensionally in a type-I collagen matrix and stimulated with a synthetic peptide containing the integrin-binding motif ArgGly-Asp (RGD) of FN and VN. These studies show that integrin engagement and FAK activation are responsible for recruitment of c-Src and adapter proteins to the cytoskeleton and that the assembly of many of these signaling proteins can occur in the absence of c-Src activation. Furthermore, our studies also demonstrate that the interaction of integrins with ECM proteins results in the activation of ERK1/2 and that this activation can occur even in the absence of cytoskeletal assembly and activation of FAK and c-Src.
EXPERIMENTAL PROCEDURES
Animal Models-Adult cats weighing 2.8 -3.5 kg were used for right ventricular pressure-overload (RVPO) by partial occlusion of the pulmonary artery, as we described previously (12, 13) . Briefly, cats underwent partial pulmonary artery occlusion by either external banding (48 h and longer) or insertion of a balloon catheter (1-4 h). Systemic arterial pressure remained the same whereas the pulmonary arterial pressure at least doubled. Control cats were sham-operated by thoracotomy and pericardiotomy without arterial occlusion. Additionally, the left ventricles (LV) from each group served as internal controls for pressure-overloaded right ventricles (RV).
Adult Cardiocyte Cell Culture Models-Adult feline cardiocytes were isolated from normal cats and cultured on laminin (two-dimensional model) as described previously (25) . For embedding cardiocytes three dimensionally in type-I collagen (collagen-embedded model), freshly isolated cells (2.5 ϫ 10 5 ) were suspended in M199 cell culture medium (Life Technologies, Inc.) containing 0.1% bovine serum albumin, pH 7.4. Cells were mixed with soluble type-I collagen (Cohesion, Palo Alto, CA) at room temperature in a final volume of 5 ml/well in 4-well plastic dishes at a final concentration of 0.1%. The cell-collagen mixture was allowed to polymerize at 37°C for 10 min, then covered with 1 ml of medium (M199) and incubated for 60 min at 37°C under 5% CO 2 . For experiments using RGD/RGE peptides (Sigma), stock solutions of RGD (Gly-Arg-Gly-Asp-Ser) or RGE (Arg-Gly-Glu-Ser) were prepared in M199, adjusted to pH 7.4, and added (final concentration as indicated in the figure legends) either directly to the cells cultured on laminin (two-dimensional model) or mixed into the collagen-cell mixture before polymerization (collagen-embedded model). To recover cardiocytes from the collagen-embedded model, the collagen gel from each well was digested with 15 ml of collagenase-D solution (Roche Molecular Biochemicals GmbH, Germany), prepared at 4 mg/ml in Krebs solution, by incubating for 10 -15 min in a 37°C water bath. The cells were then washed twice with Krebs solution containing 0.1% bovine serum albumin, once with phosphate-buffered saline, and pelleted for subcellular fractionation. In the case of the two-dimensional model, cells were harvested in 1 ml of ice cold phosphate-buffered saline and pelleted by centrifugation for subsequent subcellular fractionation (see below).
Preparation of Cell and Tissue Lysates-Pelleted cells (2 ϫ 10 5 ) or 50 mg of ventricular tissue were homogenized in 0.5 ml or 2 ml, respectively, of ice cold Triton X-100 extraction buffer, which contained in final concentrations 100 mM Tris-HCl, pH 7.4, 10 mM EGTA, 2% Triton X-100, 0.5 mM phenylmethysulfonyl fluoride, 10 g/ml leupeptin, 10 g/ml aprotinin, 2 g/ml pepstatin, 2 M E-64 [trans-epoxysuccinyl-Lleucylamido-(4-guanidino)butane], and 200 g/ml p-aminobenzamidine, 1 M okadaic acid, 10 mM ␤-glycerophosphate and 1 mM sodium orthovanadate. Both Triton X-100-soluble and -insoluble components were prepared as we have described previously (15) with minor modifications. After the initial homogenization and centrifugation at 16,000 ϫ g, the supernatant was preserved as the detergent-soluble fraction (soluble). The pellet (insoluble) was reextracted with extraction buffer to remove any remaining detergent-soluble proteins, pelleted, resuspended, and boiled in 0.25 or 0.5 volumes of the homogenization buffer with 1ϫ SDS sample buffer for tissue or pelleted cells, respectively. To the detergent-soluble fraction, an equal volume of 2ϫ SDS sample buffer was added and boiled.
Western Blotting-20-l samples in SDS sample buffer were resolved by SDS-polyacrylamide gel electrophoresis, and the proteins were transferred to Immobilon-P membranes (Millipore Corp.). The membranes were blocked for 1 h using 10% milk in TBST buffer (10 Cas (catalog no. S-859) was from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA) and monoclonal anti-vitronectin antibody (catalog no. 12069-019) was from Life Technologies, Inc. Rabbit polyclonal anti-␤ 1D antibody was generated as described previously (26) . Following the incubation with the primary antibodies, blots were washed five times for 5 min each with TBST buffer and then incubated with appropriate horseradish peroxidase-labeled secondary antibodies (Vector Laboratories, Burlingame, CA) in TBST buffer for 1 h at room temperature. Following five washes of 5 min duration each with TBST, the proteins were detected by enhanced chemiluminescence (Renaissance, NEN Life Science Products). For Western blot detection of tyrosine-phosphorylated proteins, the blots were blocked with 1% bovine serum albumin for 30 min at 37°C and probed with horseradish peroxidase-labeled antiphosphotyrosine antibody (Transduction Laboratories, catalog no. P11625) for 30 min at 37°C. Washing and detection conditions were the same as described above. (15), we showed cytoskeletal assembly and activation of the non-receptor tyrosine kinases c-Src and FAK in 48-h pressure-overloaded heart, and these events were accompanied by the cytoskeletal assembly of ␤ 3 -integrin. Therefore, our initial focus was to determine whether a change in the composition and/or expression of the ECM occurs during pressure overload-induced hypertrophy. To explore this possibility, ventricular tissue samples from control and RVPO cats were used to prepare detergent-lysed subfractions as we have described previously (15) . These fractions, namely, Triton X-100-soluble, and Triton X-100-insoluble fractions (cytoskeleton, csk), were used to detect the level of various ECM proteins including laminin, collagen I, collagen IV, entactin, tenascin, osteopontin, fibronectin, and vitronectin. Among these ECM proteins, fibronectin and vitronectin, which were not present in significant levels in both normal and 4-h pressure-overloaded myocardium ( Fig. 1) , showed a substantial increase in the cytoskeletal fractions of 48-h pressure-overloaded RV, and this increase persisted even in 1-week pressure-overloaded heart. The secretion and assembly of these two ECM proteins in 48-h RVPO myocardium matches that of our previous observation on the cytoskeletal assembly and activation of FAK and c-Src (15) .
RESULTS

Increased Expression of FN and VN During Cardiac Hypertrophy-In a recent study
Cytoskeletal Assembly and Activation of Signaling ProteinsBecause the detergent-insoluble cytoskeletal fraction often consists of an integrin-mediated focal adhesion complex which might potentially contribute to the hypertrophic remodeling, we examined this fraction for the presence of signaling proteins that have been shown to associate with the cytoskeleton following agonist stimulation. Screening of several candidate molecules in the cytoskeleton resulted in the detection of adapter proteins p130
Cas , Nck, and Shc along with non-receptor tyrosine kinases FAK and c-Src only in pressure-overloaded RV but not in normally loaded LV (Fig. 2A) . The assembly of these proteins was accompanied by a substantial increase in tyrosine phosphorylation of several cytoskeleton-bound proteins with molecular sizes of 55-60, 69, and 120 -130 kDa, when compared with the normally loaded left ventricle (Fig. 2B) . Such changes were not observed in sham-operated control cat ventricles (LV or RV) (data not shown). Based on the Western blot analysis with specific antibodies, the positions of p130
Cas , FAK, and c-Src are indicated in the phosphotyrosine blot. Although p130 Cas ( Fig. 2A) , which is recognized by the polyclonal antip130
Cas antibody, demonstrated a shift to the cytoskeleton, this protein band migrated as a 110-kDa protein on SDS-polyacrylamide gel electrophoresis. A band corresponding to the size of this protein was also found to be tyrosine phosphorylated (Fig. 2B) .
To demonstrate the presence of tyrosine-phosphorylated FAK and c-Src in the 110 -130-kDa and 55-60-kDa protein bands, respectively, of the cytoskeletal fraction of pressureoverloaded myocardium, we employed phosphospecific antibodies. Previous studies show that the phosphorylation of FAK at the Tyr-397 site creates a binding site for c-Src (27, 28) . Furthermore, once a complex is formed with FAK, c-Src becomes active and phosphorylates additional sites of FAK including the Tyr-925, which is critical for the recruitment of p130
Cas (29) . Therefore, we used phosphospecific antibodies to analyze whether these specific sites of cytoskeleton-bound FAK as well as c-Src are phosphorylated in response to pressure overload. Analyses of the cytoskeletal fractions showed phosphorylation of FAK at the Tyr-397 and Tyr-925 sites and of c-Src at the Tyr-416 site (Fig. 2C) indicating the presence of an activated focal adhesion complex in the cytoskeletal fraction of pressureoverloaded myocardium. Finally, we employed phosphorylation site-specific paxillin antibody to determine whether the 69-kDa tyrosine-phosphorylated protein in the pressure-overloaded myocardium (Fig. 2) is paxillin. Such analysis showed no detectable level of phosphorylated paxillin either in the detergent-soluble or -insoluble (cytoskeletal) fractions (data not shown). Furthermore, Western blot analysis using non-selective anti-paxillin antibody showed paxillin distribution both in the detergent-soluble and -insoluble fractions of normally loaded ventricles and did not show any change in the distribution during pressure overload (data not shown).
Both FN and VN showed increased levels as well as assembly to the cytoskeletal fraction of pressure-overloaded myocardium (Fig. 1) , and they are known to interact preferably with ␣ 5 ␤ 1 and ␣ v ␤ 3 integrin isoforms, respectively (for a review see Ref. 30) . Therefore, we analyzed whether the cytoskeletal binding of these ECM proteins is accompanied by the association of these integrins to the cytoskeleton. As we showed previously (15), ␤3 integrin was found to be present in the cytoskeletal complex of pressure-overloaded myocardium ( Fig. 2A) . However, the ␤ 1D integrin isoform (muscle cell-specific isoform of ␤ 1 integrin), which was present in substantial amounts in the soluble fraction of adult heart, did not demonstrate a significant shift to the cytoskeleton with pressure overload (data not shown).
Focal Complex Formation in Isolated Adult Cardiocytes-To determine the importance of the cytoskeletal assembly of signaling proteins in mediating downstream signaling, we examined two different models for adult cardiocyte cultures: (i) a two-dimensional model in which adult cardiocytes were cultured on laminin-coated plates, and (ii) a three-dimensional model in which cardiocytes were embedded in type-I collagen gel (31) . Because in in vivo pressure-overloaded heart cytoskeletal assembly of signaling proteins was accompanied by the secretion and binding of FN and VN, we used these ECM proteins in our initial experiments to study integrin-mediated signaling. Treatment of cardiocytes either cultured on laminin or in the collagen gel with FN or VN for 1 h (final concentrations at 0.5 mg/ml and 50 g/ml, respectively) did not result in cytoskeletal assembly of any of the signaling proteins (data not shown). Therefore, we used a synthetic penta-peptide that has a sequence homology to part of the type III-10 domain repeat of FN, Gly-Arg-Gly-Asp-Ser (RGD peptide) for this purpose. Adhesion of cells to either collagen or laminin alone is known to form focal adhesion plaques containing the collagen receptor but not the fibronectin receptor, ␣ 5 ␤ 1 . However, under these conditions, inclusion of soluble RGD peptides has been shown to result in the translocation of the fibronectin receptor to preformed focal adhesions, thus serving as integrin agonists (32) . Therefore, we used this peptide to stimulate integrins, although it is widely used as a blocking peptide for integrinmediated signaling (32) . We used RGE peptide, which does not interact with integrins, as a control peptide for these experiments. We initially analyzed the effect of various concentrations of RGD on the cytoskeletal assembly and activation of signaling proteins using cultured cardiocytes on laminin. RGD treatment as high as 10 mM did not result in the assembly of c-Src, FAK. or the adapter proteins with the cytoskeleton, although all these proteins were present in significant levels in the detergent-soluble fractions (Fig. 3) . Similarly, when phosphospecific antibodies for c-Src and FAK were used in the Western blot analyses, no change in the phosphorylation status was observed (data not shown).
Because cardiocytes cultured on laminin did not respond to RGD stimulation with cytoskeletal assembly of signaling proteins, we performed a similar experiment using collagen-embedded cardiocytes. A dose response to various concentrations of RGD peptide on the cytoskeletal binding of c-Src was performed initially, and significant levels of c-Src and FAK were present in the cytoskeletal fraction at 6 mM concentration of RGD peptide (data not shown). Therefore, in our subsequent experiments, we prepared collagen-embedded cardiocytes in the absence or presence of 6 mM RGD peptide and studied the assembly and activation of c-Src, FAK, and other signaling proteins as performed for pressure-overloaded ventricular tissue samples. Based on the purity of the RGD peptide (approximately 70%), the actual concentration of RGD in the collagen matrix was calculated to be 4.2 mM. Analysis of the Triton X-100 insoluble samples showed clear association of FAK, cSrc, Nck, and Shc with the cytoskeleton in substantial amounts in response to RGD but not to RGE (Fig. 4A) . However, two other proteins, p130
Cas and ␤ 3 -integrin that showed cytoskeletal binding in pressure-overloaded myocardium did not show appreciable binding to the cytoskeleton in response to RGD treatment. Because both FAK and c-Src are non-receptor tyrosine kinases, we analyzed whether their binding to the cytoskeleton resulted in tyrosine phosphorylation of several cytoskeletal proteins. Analyses showed several newly tyrosinephosphorylated proteins of various molecular sizes following RGD treatment but not RGE treatment (Fig. 4B) . A protein band corresponding to the molecular size of FAK was significantly phosphorylated in the RGD-treated cytoskeletal sample. However, unlike in the in vivo pressure-overloaded myocardium (Fig. 2B) , RGD treatment did not result in the tyrosine phosphorylation of proteins corresponding to the position of p130
Cas and c-Src. Furthermore, we repeated RGD treatment of collagen-embedded cardiocytes and used phosphospecific antibodies for Western blot analyses as performed for ventricular tissue samples. FAK, which was recruited to the cytoskeleton of RGD-treated cells, was phosphorylated at the Tyr-397 autophosphorylation site but not at the Tyr-925 site (Fig. 4C) . These data indicate that RGD treatment results in the activation of FAK and possibly creates a site for the recruitment of c-Src. However, both the phosphorylation of FAK at Tyr-925 and c-Src at Tyr-416 (Fig. 4C) as well as cytoskeletal association of p130 Cas (Fig. 4A) were absent under these conditions. The absence of c-Src phosphorylation is further supported by the fact that no change in the tyrosine phosphorylation pattern of proteins corresponding to the molecular size of c-Src was observed in the cytoskeletal fraction of RGD treated cells (Fig.  4B) . Importantly, the absence of Src activation and FAK Tyr-925 phosphorylation is accompanied by the absence of cytoskeletal binding and tyrosine phosphorylation of a protein band that corresponds to the molecular size of p130
Cas . RGD-stimulated ERK1/2 Activation-A number of studies show that the activation of MAPK family members including ERK1/2 is important for mediating hypertrophic cardiac growth (33, 34) . Multiple signaling pathways can feed into ERK1/2 activation, and many of these pathways are activated subsequent to various agonist stimulation (35) . A cascade of signaling events that involves the activation of integrins, FAK, and c-Src that lead to the activation of ERK1/2 has been shown recently (36, 37) . Therefore, we asked whether ERK1/2 activation (i) occurs during pressure overload, (ii) occurs during integrin engagement with RGD, and (iii) requires the cytoskel- Freshly isolated feline cardiocytes were plated on laminin-coated dishes and treated with 10 mM RGD or RGE peptide for 60 min. The cells were harvested as described under "Experimental Procedures," and Western blot analyses were performed on the Triton X-100 subfractions using FAK, phosphotyrosine-specific FAK, c-Src, Nck, and actin antibodies.
etal assembly of signaling proteins. Because RGD-induced cytoskeletal assembly of signaling proteins occurs only in collagen-embedded cultured cardiocytes but not in cardiocytes cultured on laminin, we used both types of culturing conditions of adult cardiocytes to determine whether the cytoskeletal assembly of signaling proteins is important for ERK1/2 activation. ERK1/2 was mostly present in the Triton X-100-soluble fraction of both ventricular tissue and isolated cardiomyocytes (Fig. 5) . Compared with the normally loaded control LV, 48-h pressure-overloaded RV showed activation of both ERK1 and ERK2, as evidenced by the phosphospecific antibody (Fig. 5A ). When these analyses were performed at earlier time points of pressure-overloading, ERK1/2 activation was observed as early as in 1-h pressure overload, although cytoskeletal binding of signaling proteins was observed between 4-and 48-h pressure overload (data not shown). Similarly, in cardiocytes cultured on laminin, where there was no cytoskeletal assembly of signaling proteins (Fig. 3) , RGD-but not RGE-activated ERK1/2 (Fig.  5B) . However, embedding cardiocytes in collagen resulted in an increase in the basal level of ERK1/2 activity (Fig. 5C ). In addition, neither RGD nor RGE caused any further activation of ERK1/2 in collagen-embedded cardiocytes, although RGD stimulation under these conditions resulted in the cytoskeletal assembly of signaling proteins.
DISCUSSION
In the present study, we report integrin activation and focal assembly of signaling proteins both in hypertrophying myocardium and in collagen-embedded RGD-stimulated adult cardiomyocytes. The importance of integrin-mediated signaling is beginning to emerge from recent studies where both ␤ 1 integrin (38) and p130
Cas (39) , a component of integrin-mediated signaling, have been shown to be important for cardiac development and growth during embryogenesis. Previous immunohistochemistry studies demonstrate co-localization of ␣ 5 ␤ 1 and ␣ v integrins in the normal mouse heart as early as embryonic day 9.5 (40) . Furthermore, expression of ␤ 1 integrin in neonatal cardiocytes resulted in a marked increase in cellular hypertrophy and blocking of this integrin resulted in the loss of phenylephrine-induced hypertrophic gene expression (41) Here we demonstrate that pressure-overloading of the adult myocardium in vivo results in the accumulation of both FN and VN. Previous studies also demonstrated increased expression of FN in pressure-overloaded rat heart (42). Whereas our studies do not demarcate whether these ECM proteins are secreted by cardiocytes or by other interstitial cells such as fibroblasts, our previous studies (16) clearly demonstrate the assembly of these ECM proteins on the cardiocyte surface. Furthermore, both the ECM proteins are present in the detergent-insoluble fraction of pressure-overloaded myocardium suggesting the FIG. 5 . MAPK activation in RVPO and two-or three-dimensional collagen models. For the experiment shown in A, normally loaded LV and pressure-overloaded RV samples from a 48-h RVPO cat were processed to obtain Triton X-100-soluble and -insoluble fractions as described under "Experimental Procedures." For the experiment shown in B, freshly isolated feline cardiocytes were plated on laminin (two-dimensional cells) for 24 h, treated with 6 mM RGD or RGE peptide for 90 min and then used for preparing Triton X-100-soluble and -insoluble fractions. For the experiment shown in C, freshly isolated feline cardiocytes were embedded in 0.1% collagen matrix (three-dimensional cells) in the absence or presence of 6 mM RGD or RGE peptides for 90 min and then used for preparing Triton X-100-soluble and -insoluble fractions as described under "Experimental Procedures." Western blot analyses were performed for all the samples using both non-selective and phosphospecific MAPK (activated form) antibodies.
FIG. 4.
Cytoskeletal assembly of signaling proteins during RGD stimulation of collagen-embedded cardiocytes. Freshly isolated feline cardiocytes were embedded for 60 min in 0.1% collagen matrix in the absence or presence of 6 mM RGD or RGE peptide. The cells were harvested as described under "Experimental Procedures," and the Triton X-100-soluble and -insoluble fractions were prepared for Western blot analysis. A, Triton-soluble and -insoluble samples were used for the detection of FAK, c-Src, Nck, Shc, p130 Cas , ␤ 3 integrin, and actin by Western blotting with specific antibodies. B, Triton-insoluble samples were used for the detection of tyrosine-phosphorylated proteins by Western blot analysis with anti-phosphotyrosine antibodies. Bands corresponding to the molecular sizes of FAK, p130
Cas , c-Src, and actin are indicated. The molecular size markers (in kDa) are shown on the left. C, Triton X-100-insoluble samples were used for Western blot analysis with either non-selective or phosphospecific antibodies for FAK and c-Src. possibility that they bind to integrins and form a cytoskeletal complex. The secretion and assembly of these ECM proteins are in accordance with studies in Chinese hamster ovary (CHO)-␣5 cells that lack endogenous FN but can assemble exogenous FN, which was present in the detergent-insoluble fraction (24) . Further, the association of these ECM proteins with the cytoskeletal fraction of pressure-overloaded myocardium has a clear temporal relationship with the cytoskeletal binding of c-Src, FAK, p130
Cas , Nck, and Shc. Although our in vivo studies indicated that cytoskeletal assembly of signaling proteins occurs via integrin activation (Fig.  2) (15) , it was yet unknown whether these later events occurred exclusively via integrins or whether other receptor-mediated events contributed to the assembly. Therefore, we sought to establish a cell culture model that would allow us to stimulate the cardiac integrin receptors selectively without the interference of other growth stimuli, such as hormones, growth factors, or mechanical forces. In this context, both FN and VN have Arg-Gly-Asp (RGD) motifs with which they interact with ␣ 5 ␤ 1 and ␣ v ␤ 3 integrins, respectively (43) . Although the RGD peptide is typically used to block the integrin interaction with FN and VN, this peptide is known to act as an agonist at a higher concentration provided that the cells have preformed focal contacts via collagen or laminin receptors (32) . Yamada and coworkers (44) have shown that RGD peptides as well as integrin-blocking antibodies when immobilized onto latex beads are capable of causing focal complex formation, and they proposed that a full assembly of focal adhesion proteins requires both ligand occupancy and integrin aggregation. Our studies with cardiocytes cultured two-dimensionally on laminin suggest that soluble RGD binding (ligand occupancy) is not sufficient for cytoskeletal assembly of signaling proteins. However, inclusion of RGD peptide in collagen matrix resulted in the cytoskeletal assembly of several signaling proteins, similar to what was observed in in vivo pressure-overloaded myocardium with the exception of ␤ 3 integrin and p130
Cas . Therefore, it is possible that in collagen-embedded cardiocytes, RGD treatment may result in both occupancy and aggregation of integrin receptors.
Comparing the data from in vivo animal model studies and integrin-engaged collagen-embedded cell culture experiments several common findings, such as the recruitment of c-Src, FAK, Nck, and Shc were observed. Importantly, our findings from RVPO myocardium can be interpreted in a manner similar to the studies performed in fibroblasts in which fibronectin stimulation of integrins leads to the following sequential events Cas is not recruited to the cytoskeletal complex, indicating that c-Src activation and FAK phosphorylation at additional sites are needed for p130
Cas binding.
It has been documented (for a review see Ref. 46 ) that c-Src may play a facilitating role in p130 Cas binding with FAK at the focal adhesion. Indeed, the SH2 and SH3 domains of c-Src are sufficient to re-establish p130
Cas ⅐FAK complexes, which are normally absent in Src-deficient fibroblasts (36) . However, our data suggest that c-Src activity is also required for p130 Cas binding to focal adhesions, and this is consistent with previous studies shown in other cell types (29) . The failure of cytoskeleton-bound c-Src activation in RGD-stimulated cardiocytes could be attributed to our earlier observations that demonstrate a combinatorial c-Src inhibitory activity constituted by 5Ј-AMP and members of the small heat shock proteins (47) and suggests that an additional signaling event may be needed for the activation of cytoskeleton-bound c-Src. However, we cannot rule out the possibility that a full cytoskeletal assembly and activation of c-Src could occur with additional fibronectin motifs and/or higher concentrations of RGD peptide in the collagen matrix.
When the pattern of tyrosine-phosphorylated cytoskeletal proteins is compared between the two models, pressure-overloaded myocardium and RGD-stimulated cardiocytes in collagen, several common proteins of molecular sizes 30, 80, and 125 kDa are observed to be phosphorylated. Phosphorylation of these proteins appears to be independent of c-Src activation and may be mediated by other kinases such as FAK. However, tyrosine phosphorylation of a few other cytoskeletal proteins of molecular sizes 50 -60, 70, and 120 kDa is observed only in pressure-overloaded myocardium and is likely to be mediated by the cytoskeleton-bound active c-Src.
A recent study shows that FN stimulation of ␤ 1 and ␤ 3 integrin signaling results in hypertrophy of neonatal rat cardiomyocytes (48) . Although both ␣ 5 ␤ 1 and ␣ v ␤ 3 function via their interaction with the RGD motifs of FN and VN, it is important to note that the former integrin requires the FN synergy site for maximal cell adhesion (24, 49, 50) . Our studies with the RGD-stimulated cardiocytes in the collagen-embedded model indicate that the interaction of integrins with the RGD motif alone is sufficient for the partial focal complex formation. Furthermore, because ␣ v ␤ 3 integrin, unlike the ␣ 5 ␤ 1 , does not require the synergy site of FN (24) , it is possible that the RGD-stimulated focal assembly in collagen matrices is mediated via VN receptors such as ␣ v ␤ 1 or ␣ v ␤ 3 integrins. Because antibodies that block integrin signaling can function as integrin activators when they are immobilized (44), we were unable to determine the integrin subtype responsible for cytoskeletal assembly in the collagen-embedded model.
An important role of the focal adhesion complex is in the activation of the Ras/Raf/MAPK signaling cascade. This activation has been attributed to one or more of the adapter proteins like Shc (51, 52), Grb-2 (53, 54), and/or Nck (36) . Both Nck and Shc, but not Grb-2, showed significant association with the cytoskeleton in both the collagen-embedded cardiocyte model and in the in vivo pressure overload model. Our studies indicate that the FAK⅐c-Src complex formation is important for the cytoskeletal assembly of Nck and Shc. This is based on the observation with our two-dimensional model (cardiocytes cultured on laminin), where soluble RGD does not stimulate the cytoskeletal assembly of FAK and c-Src, hence, the adapter proteins showed no shift to the cytoskeleton under these conditions. However, the cytoskeletal binding of Nck and Shc, as evidenced by the three-dimensional model (collagen-embedded cardiocyte), appears to require the assembly of c-Src and FAK. Our studies to correlate the assembly of adapter proteins to ERK1/2 activation indicate that integrin-mediated ERK1/2 activation can proceed even in the absence of the cytoskeletal assembly of signaling proteins. This is based on the observation that stimulation of adult cardiocytes cultured two-dimensionally on laminin-coated plates with RGD peptide results in the activation of ERK1/2 without the cytoskeletal assembly of any of these signaling proteins. Therefore, in the laminin-coated two-dimensional system, RGD stimulation of integrins activates ERK1/2 independent of FAK/c-Src cytoskeletal complex and such a pathway may contribute either to stimulate or to sustain the activity of ERK1/2 in pressure-overloaded myocardium. Indeed, an integrin-mediated FAK/Src-independent signaling pathway has been proposed recently for the activation of ERK1/2 in NIH 3T3 cells (55) . Further, Wary et al. (52) have demonstrated that a subset of ␤ 1 and ␣ v ␤ 3 integrins are linked to ERK activation by the adapter protein Shc independent of its cytoskeletal association.
The regulation of both focal adhesion and focal complex formations is suggested to be critical for the remodeling of cell architecture (56, 57) . Formation of large focal adhesions and smaller peripheral focal complexes is shown to be inversely interconnected (57) . Studies performed in cells lacking either Src family kinases (58) or FAK (59) show a phenotype in which the focal adhesion turnover is significantly affected although their formation is not impaired. Therefore, FAK and Src family kinases appear to favor focal adhesion turnover by increasing the focal complex formation and by weakening the focal adhesion formation. Overall, in hypertrophying myocardium the cytoskeletal association and activation of FAK, c-Src and other signaling proteins are likely to contribute in a significant way to the focal adhesion turnover that may be critical for remodeling of the hypertrophying myocardium.
